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We consider the SUð6Þ grand unified theory (GUT) model as an explanation for the diphoton final state
excess, where the masses of all associated particles are linked with a new symmetry breaking scale. In this
model, the diphoton final states arise due to loops involving three pairs of new vectorlike particles having
the same quantum numbers as down-type quarks and lepton doublets. These new vectorlike fermions are
embedded alongside the standard model (SM) fermions into minimal anomaly-free representations of the
SUð6Þ gauge symmetry. The SUð6Þ symmetry is broken to the standard model times Uð1ÞX at the GUT
scale, and masses for the vectorlike fermions arise at the TeV scale only after the residual Uð1ÞX symmetry
is broken. The vectorlike fermions do not acquire masses via breaking of the SM symmetry at the
electroweak scale. The field which is responsible for the newly observed resonance belongs to the 6̄H
representation. The dark matter arises from the SM singlet fermion residing in 6̄ and is of Majorana type.
We explicitly demonstrate gauge coupling unification in this model, and also discuss the origin of neutrino
masses. In addition to the diphoton final states, we make distinctive predictions for other final states which
are likewise accessible to the ongoing LHC experimental effort.
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I. INTRODUCTION

Recently, both the ATLAS and CMS collaborations have
reported an excess of events in the diphoton channel at a
reconstructed invariant mass of about 750 GeV. This excess
is visible in both the 13 TeV only [1,2] and 13þ 8 TeV
[3,4] LHC data analyses. The ATLAS collaboration reports
a local signal significance of 3.9σ from an integrated
luminosity of 3.2 fb−1 at 13 TeV, and about 1.9σ from
20.3 fb−1 of 8 TeV data. The CMS collaboration likewise
reports a local signal significance of 3.4σ from combined
luminosities of 3.3 and 19.7 fb−1 at 13 and 8 TeV,
respectively. CMS finds the observed significance to be
maximized for a narrow decay width ΓS=MS ≲ 10−4, while
the ATLAS data are reported to favor a larger width with
ΓS=MS ∼ 0.06. The collection of more data is necessary to
clarify the status of the observed excess and the associated
decay width.
A straightforward approach to explaining the diphoton

excess is the introduction of a standard model (SM) singlet
S with a mass of 750 GeV accompanied by multiplets of
vectorlike particles [5–7]. With vectorlike particles in the

loops, the singlet S can be produced via gluon fusion, and
can likewise decay into a diphoton pair. The vectorlike
particles can solve the vacuum stability problem [8].
In contrast to masses of the chiral fermions of the SM,

the masses of the vectorlike quark and lepton are not tied to
the electroweak scale, since they do not arise from the
breakdown of the SM gauge symmetry. The natural
question that arises is whether we may introduce a new
symmetry that can be broken down at the TeV scale to
generate masses for the vectorlike fermions. In this paper,
we employ the gauge group SUð6Þ, placing the SM quarks,
leptons and also the new vectorlike quarks and leptons
into anomaly-free 15, 6̄ and 6̄ representations. SUð6Þ is a
subgroup of the anomaly-free exceptional group E6, i.e.,
E6 ⊃ SUð6Þ × SUð2Þ, implying that our results may like-
wise be embedded within the context of an E6 model. In our
scenario, the SUð6Þ gauge symmetry is broken down to
SUð3ÞC × SUð2ÞL ×Uð1ÞY ×Uð1ÞX at the grand unified
theory (GUT) scale, and the residual Uð1ÞX gauge sym-
metry is broken at the TeV scale by the vacuum expectation
value (VEV) of SM singlets belonging to 6̄H and 21,
producing vectorlike masses for three generations of new
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down-type quarks and lepton doublets. The ratio of vector-
like quark and lepton masses MD=ML gets fixed. The
750 GeV resonance arises from a scalar field which is the
SM singlet within a 6̄H of SUð6Þ. The SM is subsequently
broken at the weak scale. In addition to the new vectorlike
quarks and leptons, the adoption of fundamental represen-
tations of SUð6Þ also naturally implies two sets of SM
singlets carrying the X charge for each generation which
develop Majorana masses ∼TeV. One set of particles
interacts with the SM leptons and is responsible for the
lightness of the neutrino masses via a seesaw mechanism
[9]. The lightest component of the second set is a dark
matter (DM) candidate. We also investigate the gauge
coupling unification in this model.
In Sec. II we detail the SUð6Þ model and discuss the

vectorlike particle masses, neutrinos, and DM. In Sec. III
we discuss the gauge unification and GUT symmetry
breaking. In Sec. IV we discuss the diphoton excess and
predict cross sections for various other final states in the
context of the SUð6Þ model. In Sec. V we conclude.

II. THE SUð6Þ MODEL

In order to explain the observed excess of events around
750 GeV in the diphoton channel, we need to introduce new
particles beyond the SM spectrum at a low scale. Particles
with fermionic degrees of freedom are slightly better
motivated than scalars, since their loop-induced contribu-
tions are larger, in general. Also, mass stability is much
easier to explain in the fermionic case. It is very natural to
ask about an underlying mechanism for the introduction of
new vectorlike particles into the spectrum, and whether the
necessary fields are an arbitrary choice or one governed
by the enlarged symmetry structure of some GUT. In
particular, we are interested in the question of what
dynamics may protect the TeV-scale masses of these
particles from GUT or Planck-scale corrections.
Whereas the SM fermions neatly fit into representations

of SUð5Þ or SOð10Þ, the minimal group structure which
provides natural unification of the SM chiral fermions with
additional particles transforming as vectorlike particles
under the SM gauge symmetry is the SUð6Þ GUT. The
smallest anomaly-free set of chiral representations which
fulfil this purpose (for one particle generation) in the
SUð6Þ GUT is

2 × 6̄þ 15: ð1Þ
The 6̄- and 15-dimensional representations decompose
under the gauge symmetry as follows:

15 ¼ ðq; uc; ecÞ ⊕ ðL̄15ð1; 2; 1=2Þ; D̄15ð3; 1;−1=3ÞÞ; ð2Þ
6̄ ¼ ðdc; lÞ ⊕ N0; ð3Þ

6̄0 ¼ ðL6ð1; 2;−1=2Þ; D6ð3̄; 1; 1=3ÞÞ ⊕ N: ð4Þ

Herewe are using the commonnotationq,uc, ec,dc, and l for
the SM fermions. D6, L6, D̄15, and L̄15 are vectorlike parti-
cles arising from 6̄i and 15i; N and N0

i are singlet fermions.
For simplicity, we presently consider dc and l to be elements
of the 6̄ representation, while the new vectorlike particles
are in 6̄0. However, as we elaborate later, the physical SM dc

and l actually arise from a superposition of 6̄ and 6̄0.
It is interesting to note that the additional vectorlike

particles can only obtain mass once the rank of the SUð6Þ
gauge symmetry is broken. Specifically, the vectorlike
particles are chiral under the residual Uð1ÞX subgroup of
SUð6Þ, and remain massless until this symmetry is broken.
We consider the scenario where SUð6Þ is broken at the
GUT scale to SUð3Þc × SUð2ÞL × Uð1ÞY ×Uð1ÞX, and the
Uð1ÞX breaking scale is around a TeV. Thus, the SUð6Þ
GUT may facilitate a well-defined vectorlike particle
spectrum with a common mass scale around a TeV. We
emphasize that the new Uð1ÞX symmetry breaking sector
associated with this nonsupersymmetric extension of the
standard model suffers from precisely the same issues
of fine-tuning and hierarchy stabilization as the standard
model electroweak symmetry breaking sector itself.
Likewise, the scalar octet and triplet masses introduced
at an intermediate scale (∼1010 GeV as in Table II) in order
to facilitate gauge coupling unification (see Fig. 1) require
very small (∼10−12) values of corresponding dimensionless
Yukawa couplings in Table I.
The Yukawa sector in our model has the following form:

L ¼ 15 · 15 · 15H þ ð6̄þ 6̄0Þ · 15 · 6̄H þ 6̄ · 6̄ · 15H

þ ð6̄þ 6̄0Þ · 15 · 6̄0H þ H:c: ð5Þ

FIG. 1. Gauge coupling evolution with mass scales
m1;2 ¼ m3;4 ¼ 1 × 108 GeV for the adjoint triplet and octet
scalars (two each) andmf ¼ 2 × 1010 GeV for a single fermionic
weak triplet. Three pairs of vectorlike ð5; 5̄Þ are additionally
introduced, with a split mass hierarchy of 1 TeVand 600 GeV for
the colored and noncolored field components, as well as a second
Higgs doublet and a pair of light single scalars at 750 GeV. This
corresponds to scenario D of Table II.
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We have suppressed family and gauge indices for simplic-
ity. In order to generate the SM fermion masses and mixing,
as well as the vectorlike particle masses, we need to
introduce the following SUð6Þ representation for the
Higgs field:

15H þ 6̄H þ 6̄0H: ð6Þ

The up-type Higgs boson lives in 15H, the down-type
Higgs lives in 6̄H, and the SM singlet field which can break
the extraUð1Þ symmetry is in 6̄0H. We need to introduce two
different representations, i.e. 15H þ 6̄H, for the SM Higgs
fields in order to have realistic quark and lepton masses.
The reason for this is that taking only a single representa-
tion 6̄H (or 15H) leads to a nonrenormalizable coupling for
one of the Yukawas [10]. For instance, the nonrenormaliz-
able coupling in 15 · 15 · 6̄H · 6̄0H=M leads to a very small
effective Yukawa coupling to the up-type quarks, since the
singlet field responsible for Uð1Þ symmetry breaking takes
a VEV at the TeV scale in our scenario.
The first term in Eq. (5) characterizes the up-type quark

mass matrix and mixing. The second term does the same for
the down-type quark and charged leptons. The assumption
that dc and l live only in the 6̄ representation implies b − τ
Yukawa coupling unification at the GUT scale. This
condition is problematic, since the b and τ Yukawa
couplings meet each other around 105 GeV in the SM if
we run under the renormalization group equations (RGEs)
from low scale to high. However, considering instead that
dc and l are superpositions of 6̄ and 6̄0 breaks the b − τ
Yukawa unification condition such that there is no conflict
with experimental data. This mixing between the SM
particles and the vectorlike particles is likewise helpful
[11] to explain the Brookhaven National Laboratory muon
g − 2 data [12]. The third term in Eq. (5) provides for
Dirac neutrino masses. The final term in Eq. (5) generates

vectorlike masses for the new particles when the SM singlet
component in 60H generates a VEV which breaks the Uð1ÞX
symmetry around the TeV scale, and moreover provides the
scalar particle candidate (S) responsible for the observed
750 GeV resonance.

Neutrino mass and dark matter

In order to avoid cosmological constraints on the number
of degrees of freedom for massless particles [13], we need
to generate a large mass for each of the N and N0 fields, one
of which we consider as a right-handed neutrino which
interacts with the SM like l. The singlets N and N0 can
acquire Majorana mass from the interaction,

ð6̄ · 6̄þ 6̄ · 6̄0 þ 6̄0 · 6̄0Þ · 21: ð7Þ

The 21-dimensional representation of SUð6Þ contains
single S0 under the SM gauge symmetry [14]. The VEV
for this field is also associated with the TeV scale and can
be responsible for breaking the Uð1ÞX symmetry. N0 also
interacts with l and generates a Dirac mass, cf. Eq. (5). We
thus have all the necessary ingredients for realization of a
type-I seesaw mechanism for neutrino masses and mixing.
The lightest of the three generations of singlet Majorana

type fields N can be the DM candidate, if it is also lighter
than L’s and D’s. In Ref. [15], a DM candidate of this type
has been considered in the context of SUð6Þ, which is
stabilized by an additional Z2 discrete symmetry. We can
stabilize the N or N0 with an extra discrete symmetry like
Z2 in a scenario where the three families of fermions do not
form three complete 27 representations, and some of the
SM singlet fermion N or N0 arises from a different 27. This
scenario, i.e. fermion multiplet splitting, can be realized in
the orbifold GUTs or even in string models. In this case, N
or N0 can be the dark matter candidate after Uð1ÞX gauge
symmetry breaking [16].

TABLE I. The masses of physical scalar particles from the Φ1 and Φ2 adjoint multiplets after SUð6Þ gauge symmetry breaking.

m2
1 m2

2 m2
3 m2

4 m2
5 m2

6 m2
7 m2

8 m2
9 m2

10

ð8; 1; 0Þ1 ð8; 1; 0Þ2 ð1; 3; 0Þ1 ð1; 3; 0Þ2 ð3; 1; 1=3Þ ð3̄; 1;−1=3Þ ð1; 2; 1=2Þ ð1; 2;−1=2Þ ð3; 2; 5=6Þ ð3̄; 2;−5=6Þ
2λ2V2

1
λ2
5

8λ2
V2
2

2λ2V2
1 9λ4V2

2 ðλ6 þ λ7ÞV2
1 ðλ6 þ λ7ÞV2

1 4ðλ6 þ λ7ÞV2
2 4ðλ6 þ λ7ÞV2

2
MGUT MGUT

TABLE II. Masses (in GeV) of the adjoint triplet and octet scalars (two each) and a single fermionic weak triplet
for four benchmark unification scenarios. The resulting low-energy Uð1ÞX coupling, grand unification scale (in
GeV), and coupling, as well as the corresponding dimension-6 proton lifetime (in years), are also tabulated.

Scenario m1;2 m3;4 mf αXðMZÞ αGUT MGUT τp½Y�
A 1 × 108 1 × 103 0.016 0.027 4 × 1015 8 × 1033

B 1 × 1010 1 × 1010 1 × 1010 0.016 0.026 1 × 1015 9 × 1031

C 1 × 104 1 × 104 1 × 1011 0.016 0.028 4 × 1016 6 × 1037

D 1 × 107 1 × 107 5 × 1010 0.016 0.027 8 × 1015 9 × 1034
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III. SUð6Þ GUT SYMMETRY BREAKING AND
GAUGE COUPLING UNIFICATION

As described previously, we are considering the sym-
metry breaking SUð6Þ→SUð3Þc×SUð2ÞL×Uð1ÞY×Uð1Þ
at the GUT scale. In order to realize this process we require
at least two scalar adjoint representations (Φ1 þ Φ2) in the
theory. For simplicity, we assume that Φ1 and Φ2 have a
global Z2 symmetry. In this case, the most general
renormalizable potential involving only Φ1 and Φ2 has
the following form:

V ¼ −
M2

1

2
Tr½Φ2

1� þ
λ1
4
Tr½Φ2

1�2 þ
λ2
4
Tr½Φ4

1� −
M2

2

2
Tr½Φ2

2�

þ λ3
4
Tr½Φ2

2�2 þ
λ4
4
Tr½Φ4

2� þ
λ5
2
Tr½Φ2

1�Tr½Φ2
2�

þ λ6
2
Tr½Φ1Φ2�2 þ

λ7
2
Tr½Φ2

1Φ
2
2�: ð8Þ

For simplicity we further assume that λ6 ≪ λi and λ7 ≪ λi
(i ≠ 6 or 7). One possible VEV configuration of the Φ1 and
Φ2 fields is

Φ1 ¼ diagðþ1;þ1;þ1;−1;−1;−1Þ × VΦ1
; ð9Þ

Φ2 ¼ diagðþ1;þ1;þ1;−2;−2;þ1Þ × VΦ2
; ð10Þ

where

V2
Φ1

¼ M2
1ð4λ3 þ λ4Þ − 4M2

2λ5
ð4λ3 þ λ4Þð6λ1 þ λ2Þ − 24λ25

; ð11Þ

V2
Φ2

¼ 6M2
1λ5 −M2

2ð6λ1 þ λ2Þ
72λ25 − 3ð4λ3 þ λ4Þð6λ1 þ λ2Þ

: ð12Þ

After GUT symmetry breaking, various components of
the Φ1 and Φ2 scalar multiplets obtain different masses, as
in Table I. At the low scale we also have vectorlike particles
transforming under the SM gauge symmetry,

3× ½ð1;2;1=2Þ þ ð1;2;−1=2Þ þ ð3;1;−1=3Þ þ ð3̄;1;1=3Þ�:
ð13Þ

These multiplets are from the fermionic (15þ 6̄) repre-
sentations of the SUð6Þ GUT, constituting full 5þ 5̄-
dimensional representations of the SUð5Þ subgroup. As
shown in Eq. (7), these vectorlike particles obtain a
common mass once the 6̄0 field develops a VEV for its
sixth element, breaking the additional Uð1ÞX gauge sym-
metry. Since all vectorlike particles from Eq. (12) have the
same mass, they do not change the relative slopes of RGE
running for the gauge couplings at one-loop level and
induce only a slight modification at two-loop level. So, as
shown in Fig. 1, gauge coupling unification is obtained by a
suitable choice of the λ1 coupling, as reflected in the
physical masses of the particles in Table I. In order to have a

light Higgs doublet at the low scale, a fine-tuning procedure
is required, as is characteristic of any nonsupersymmet-
ric GUT.
We have studied the evolution of the SUð3Þc ×

SUð2ÞL ×Uð1ÞY × Uð1Þ gauge couplings under the
renormalization group at the second loop, including leading
feedback between the single loop evolution of the top,
bottom and tau Yukawa couplings and the SM gauge sector.
The details relevant to this analysis are presented in
Appendix B. Broadly speaking, we may break the new
fields introduced beyond the standard model fermions and
light Higgs boson into two groups, labeled I and II, which
are active around the TeV scale, and above the intermediate
(∼1010 GeV) scale, respectively. The matter content in
region I consists of three generations of the fermionic fields
described in Eq. (1), i.e. the vectorlike 3 × ð5; 5̄Þ and
the fermionic singlets 3 × ðN;N0Þ, plus additional scalars
corresponding to a second electroweak Higgs doublet and
two scalar SM singlets from the 6̄ and 21 representations.
Masses for colored and noncolored components of the
new vectorlike particles are fixed at 600 GeV and 1 TeV,
respectively. This scale is favored by the diphoton analysis
and this splitting is consistent with that suggested by
running of the relevant Yukawa couplings under the
renormalization group. Since the candidate for the diphoton
resonance is included as one of the new scalars, we choose
for simplicity to assign the new light scalars a common
mass of 750 GeV. In region II, we activate two pairs each of
scalars in the SUð2ÞL adjoint scalar triplet and SUð3Þ
adjoint scalar octet, as well as a single fermionic weak
triplet. The generation of these scalar masses is described in
Table I, and we carry over the notationm1;2 andm3;4 for the
octet and triplet, respectively. We simplify to a common
mass for each set, which may be interpreted as a geometric
mean. The mass of the fermionic triplet is denoted as mf.
Table II reports the induced low-energy value of the

Uð1ÞX coupling αXðMZÞ, the grand unified coupling αGUT,
and mass scale MGUT, as well as the corresponding
dimension-6 proton lifetime τp for four examples of the
renormalization group flow. The unification solution is not
greatly affected by small variation of the vectorlike mass
scale within the physical window, or even by omission of
these fields (except for a reduction in αGUT). Essentially
similar results are obtained with the further mutual
inclusion of one pair each of adjoint scalars carrying the
quantum numbers of the right-handed down-quark con-
jugate and the left-handed lepton doublet at the intermedi-
ate scale. Near GUT-scale threshold corrections from
scalar fragments, e.g. with quantum numbers of the quark
doublet, likewise do little to alter the essential features
described. The first selected scenario A omits the fermionic
adjoint triplet, while including one pair each of the octet
and triplet scalar adjoints. It is found that the GUT
unification scale is unacceptably light unless the triplet
mass is quite low. Pushing m3;4 all the way down to 1 TeV
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sets an upper bound of MGUT ≲ 4 × 1015 GeV for this
field content. Triple unification is then achieved for
m1;2 ≃ 1 × 108 GeV. Scenario B introduces additionally
a single fermionic weak triplet, and imposes the constraint
of degenerate mass scales m1;2 ¼ m3;4 ¼ mf. It is found
that strict unification near 1 × 1015 GeV is induced if the
new fields are placed at an intermediate scale, around
1 × 1010 GeV. The GUT scale in each of the prior
scenarios remains somewhat light, suggesting overly rapid
decay of the proton, with a dimension-6 lifetime as low as
the order of 1032 years. Given that the GUT scale varies
inversely with the scalar adjoint mass, scenario C is
designed to investigate the maximal offset which may be
achieved relative to the field content of scenario B. If the
scalar masses are pushed down to around 10 TeV, then
the unification scale moves up to around 4 × 1016 GeV,
extending proton decay beyond the reach of foreseeable
experimental searches. However, it is not phenomenologi-
cally necessary to consider such an extreme splitting.
Mild splitting between a minimal configuration of fields
at the intermediate mass scale (with or without inclusion of
near-GUT threshold corrections) is sufficient to acceptably
elevate the unification scale. Scenario D is selected
to demonstrate such a physically suitable possibility, taking
m1;2 ¼ m3;4 ¼ 1 × 107 GeV and mf ¼ 5 × 1010 GeV,
lifting the unification scale to around 8 × 1015 GeV, and
extending the proton lifetime to a safe yet testable range
around 9 × 1034 years. The scenario D unification is

depicted in Fig. 1. A stable prediction is made for the
low-energy value of the SUð6Þ-normalized coupling
αX. Given that the leading one-loop beta coefficient
b4 ¼ 403=60 is very similar to that of the SM hypercharge
[this is a rather generic feature of Uð1Þ0 subgroups from E6

embeddings reflecting the fact that the number of particles
which do not form GUT multiplets is small], the slope
of their running is almost degenerate, and a value
αXðMZÞ≃ 0.016 is to be expected at the Z-boson mass,
or a value αXðTeVÞ≃ 0.017 at the TeV scale.
We note that there are many other ways to likewise

achieve gauge coupling unification in nonsupersymmetric
theories [17]. For instance, one can use the split multiplet
mechanism [18], which can explain why we have incom-
plete multiplets near the GUT scale and facilitate gauge
coupling unification around 1016 GeV. We emphasize
again that the SUð6Þ gauge group can be embedded into
E6, deferring the details of a reinterpretation of our result in
this framework to Appendix A.

IV. THE DIPHOTON EXCESS

As described previously, the singlet S of 6̄0H is presently
considered to provide the scalar particle responsible for the
observed 750 GeV resonance. S is coupled to L and D via
6̄0 · 15 · 6̄0H, as shown in Eq. (5). We thereby get photon, Z,
W, and jet final states.
The leading order decay rate of the resonance S into

various diboson final states is given by

ΓðS → γγÞ ¼ M3
S

64π

�
e2

4π2

�
2
���� X
f¼D;L

NfN
f
cQ2

fλf

�
1

Mf
A1

2
ðτfÞ þ

X2
i¼1

Af

2M2
~f

A0ðτ ~fÞ
�����2;

ΓðS → ZZÞ ¼ M3
S

64π

�
1

4π2
g22
c2W

�
2
���� X
f¼D;L

NfN
f
cðTf

3 −Qfs2WÞ2λf
�

1

Mf
A1

2
ðτfÞ þ

X2
i¼1

Af

2M2
~f

A0ðτ ~fÞ
�����2

×
�
1 − 4

M2
Z

M2
S
þ 6

M4
Z

M4
S

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

M2
Z

M2
S

s
;

ΓðS → ZγÞ ¼ M3
S

32π

�
1

4π2
eg2
cW

�
2
���� X
f¼D;L

NfN
f
cQfðTf

3 −Qfs2WÞλf
�

1

Mf
A1

2
ðτfÞ þ

X2
i¼1

Af

2M2
~f

A0ðτ ~fÞ
�����2

�
1 −

M2
Z

M2
S

�
3

;

ΓðS → WþW−Þ ¼ M3
S

32π

�
1

4π2
g22
2

�
2
���� X
f¼D;L

NfN
f
cλf

�
1

Mf
A1

2
ðτfÞ þ

X2
i¼1

Af

2M2
~f

A0ðτ ~fÞ
�����2

�
1 − 4

M2
W

M2
S
þ 6

M4
W

M4
S

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 4

M2
W

M2
S

s
;

ΓðS → ggÞ ¼ M3
S

8π

�
g23
4π2

�
2
����X
f¼D

NfTrλf

�
1

Mf
A1

2
ðτfÞ þ

X2
i¼1

Af

2M2
~f

A0ðτ ~fÞ
�����2; ð14Þ

where Nf ¼ 3 is the number of copies of (5, 5̄), Nf
c , being

the color factor, attains a value 3 (1) for DðLÞ, λf are the
Yukawa couplings of f with S, Af are the trilinear
couplings of S with the supersymmetric partners of the

vectorlike fermions, f ¼ D, L, if we supersymmetrize our
model. Qf and Tf

3 are the electric charge and third
component of the isospin of fermions (and their super-
partners whenever they are included in the calculation),
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respectively. sin θW ðcos θWÞ, where θW is the Weinberg
angle, is denoted by sW ðcWÞ in the above equations.
The Dynkin index for color triplet D, Tr ¼ 1=2, is used in
the ΓðS → ggÞ calculation. Finally the loop functions for
spin-1=2 and spin-0 particles are given by

A1
2
ðτfÞ ¼ 2

Z
1

0

dx
Z

1−x

0

dz
1 − 4xz
1 − xzτf

;

A0ðτ ~fÞ ¼
Z

1

0

dx
Z

1−x

0

dz
4xz

1 − xzτ ~f
; ð15Þ

with τi ¼ M2
S

M2
i
. Please note that in the decay width calcu-

lations involving massive gauge bosons, the effect of gauge
boson mass on loop functions has been neglected since
they change the loop functions only by ∼5%. In addition
we also assumed that the mixing between the sparticles
( ~fi, i ¼ 1, 2) is negligible in the formulas of Eq. (14).
A pair of isosinglet D-type quarks can be strongly

produced at the LHC and studied in the H=Zbþ anything
or Wtþ anything channels. The current strongest ATLAS
bound on D-type vectorlike quark masses of ≲800 GeV
arises from the dilepton final state when theD predominantly
decays to Wt. However, the bound relaxes to ≲650 GeV if
the dominant decay mode is Hb (see [19] and references
therein). The particular branching ratios (BRs) for a bench-
mark point (BP) depend on the mixing of D with SM down-
type quarks and we can tune the mixing parameters to satisfy
the bounds. In contrast, the vectorlike leptonsL are less likely
to be produced at the LHC since they do not necessarily have
large mixings with SM leptons. Hence, they can easily evade
the excited lepton searches by CMS [20].
We have performed a separate evolution of the λ

couplings of vectorlike fermions in the 3 × ð5; 5̄Þ repre-
sentations between the GUT scale and the scale of the
observed resonance MS ∼ 750 GeV, finding attraction
toward a fixed point in the vicinity of λL ¼ 0.4 and
λD ¼ 0.7 that is essentially similar to the result obtained
in our previous analysis [21] in the context of a pure SUð5Þ
supersymmetric GUT. Additional details are provided in
Appendix B. We therefore select benchmark masses for the
L and D which are broadly consistent with this prediction,
noting that the specific values do not have a significant
impact on the gauge unification. MD and ML masses arise
due to the VEV of the SM singlet component 6̄0H. The Z0
mass associated with the Uð1ÞX, however, arises from the
largest VEVof the SM singlet components of 6̄0H, 6̄H and 21
which is around a TeV.
Thediphotonproductioncross-sectionat theLHC,assum-

ing the narrow-width approximation, can be written as

σγγ ¼
Kπ2

8MS

ΓðS → ggÞΓðS → γγÞ
ΓS

×
1

s

Z
dx1dx2fgðx1Þfgðx2Þδ

�
x1x2 −

M2
S

s

�
; ð16Þ

where
ffiffiffi
s

p ¼ 13 TeV, K is the QCD K-factor, x denotes
the fraction of each beam’s energy carried away by the
corresponding gluon, and fg is the gluon parton distribution
function (PDF) inside a proton. The total decay width of S is
denoted by ΓS ¼ Γγγ þ ΓZγ þ ΓZZ þ ΓWW þ Γgg. We have
used the PDFs of MSTW2008LO [22] for the gluon lumi-
nosity calculation with the factorization scale set atMS. We
evaluated αs to be 0.092 at our scale of interest but we found
thatαdoes not change significantly from its value (0.0078) at
MZ. AK-factor of 2.5 is used in our calculation, which is the
K-factor for 750 GeV SM-like Higgs bosons [23]. We also
includedtheα4s correction toΓgg,whichincreases itbyafactor
of ∼1.7 [24].
We note that the CMS and ATLAS collaboration results

disagree to some extent on the experimentally observed
width of the resonance. While ATLAS obtains the highest
significance for a large width of ΓS=MS ¼ 0.06, CMS data
are fitted better by the narrowwidth ofΓS=MS ¼ 1.4 × 10−4.
However, the data collected so far are insufficient to support
either case convincingly. The loop-induced diphoton and
dijet widths are inadequate to account for the Oð10Þ GeV
width required by ATLAS. Reference [25] has recently
performed a likelihood analysis to fit 8 and 13 TeV data
sets of both CMS and ATLAS experiments. Interestingly,
inclusion of the 8 TeV data lowers the best-fit cross section
by a factor ∼2 and shifts the resonance to ∼745 GeV.
These authors further noticed that a narrow-width explan-
ation of the excess reduces the combined significance from
3.9 to 3.3σ. Finally, they conclude that a narrow-width
resonance between ∼730 and 755 GeV can be fit by
σγγ ∼ 1–5 fb at the 2σ level (with the best fit being at 2.6 fb).
In the left panel of Fig. 2 we present σγγ contours that fit

the data, for different values ML and MD belonging to
generic 3 × ð5; 5̄Þ models. This figure clearly shows that
the data can be fit for a range of values of ML and MD.
The reader should note that the points belonging to the
SUð6Þ model under discussion are a subset of the generic
3 × ð5; 5̄Þ points shown in the left panel. In our SUð6Þ
model ML=MD ¼ λL=λD is enforced since both L and D
masses are generated by the Uð1ÞX breaking VEV. The
points belonging to the SUð6Þ model are shown by the
black dashed line. In the right panel of Fig. 2, we show
the cross section times branching ratio of S into various
diboson channels as a function of the mass of L, keeping
MD fixed at MLλD=λL as required by our SUð6Þ model.
Evidently, the excess can be fit for ML ≲ 500 GeV. For
this range of ML values, the cross sections in associated
diboson channels are within current experimental limits.
We discuss the strongest of those limits in the subsequent
paragraphs.
In Table III, we report the values of cross sections in

different channels along with the total decay width for two
BPs belonging to 3 × ð5; 5̄Þ, setting ML=MD ¼ λL=λD as
required by our SUð6Þ model. BP-1 and BP-2 respectively
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correspond to the best-fit and 2σ lower limit of σγγ needed
for a narrow-width resonance. Since the best-fit σγγ is
achieved for ML ≈MS=2, we cannot fit the 2σ upper limit
of it without introducing tree-level decay of S into a pair
of L. We note that usingML values of 374 and 500 GeV for
BP-1 and BP-2, respectively, in the table above, the ratio
of the corresponding diphoton production cross sections is
2.61, which is different from just ð500=374Þ2 ¼ 1.79 due to
theML dependence of the loop functions. In addition, since
MD values of BP-1 and BP-2 are not too high, their effect in
this ratio cannot be neglected either. The results presented
in Table III using decay width expressions of Eq. (14) agree
with the numbers obtained from analytical expressions
given in Refs. [5,6]. The adoption of three copies of ð5; 5̄Þ
vectorlike matter is well motivated in a GUT context such
as E6 ⊃ SUð6Þ, where the generations of new particles are
in one-to-one correspondence with the SM generations.
Clearly, from Table III and Fig. 2, 3 × ð5; 5̄Þ fits the experi-
mental data. Further, we note that if the present SUð6Þ
model is supersymmetrized, then a large enhancement in

σγγ is possible due to loop contributions from superpartners
of vectorlike leptons and quarks. This fact has been
previously pointed out by Refs. [21,25]. In Table III, we
additionally present a third benchmark (BP-3) that takes
into account possible loop contribution from sleptons and
squarks. For simplicity, we assume Af ¼ M ~f ¼ Mf for this
supersymmetrized BP. The inclusion of sparticles improves
σγγ by a factor of ∼2.34.
We now discuss constraints from a few associated

diboson (S → WþW−; ZZ; Zγ) final states that arise from
the decay widths presented in Eq. (14). TheWþW−; ZZ; Zγ
signals are estimated to occur with a rate comparable to that
of the γγ channel, being that they originate from the same
set of couplings. Among these three weak-boson channels,
the Zγ channel is the most stringent, and ATLAS [26]
constrains a monophoton signal to be less than 30 fb at
13 TeV. The two 3 × ð5; 5̄Þ cases considered here clearly
satisfy these bounds.
Next, we focus on the gg channel in some detail, since it

takes up a sizeable partial width in comparison to γγ.
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FIG. 2. (Left panel) The contours ofML andMD that fit σγγ ¼ 1–5 fb forMS ¼ 745 GeV. The black dashed line corresponds to points
belonging to the SUð6Þ model under discussion. (Right panel) The corresponding cross sections of S decaying to various diboson
channels as a function of ML with MD ¼ MLλD=λL as required by our SUð6Þ model. The yellow shaded region shows the allowed
values of σγγ for a narrow-width resonance. λL and λD are set to 0.4 and 0.7, respectively, for both plots.

TABLE III. Total decay width of S and cross sections in associated diboson final states forMS ¼ 745 GeV for different BPs belonging
to 3 × ð5; 5̄Þ. The choice of values of parameters ML, MD is also shown, while fixing λL ¼ 0.4 and λD ¼ 0.7. For the minimal
supersymmetric standard model (MSSM) BP we choose Af ¼ M ~f ¼ Mf (f ¼ D, L) for simplicity. We also included α4s correction to
Γgg, which increases it by a factor of ∼1.7.

ðML;MDÞ (GeV) ΓS (GeV) σγγ (fb) σZZ (fb) σZγ (fb) σWW (fb) σgg (fb)

SMþ 3 × ð5; 5̄Þ BP-1 (374,655) 0.03 2.61 5.06 0.71 13.4 437
BP-2 (500,875) 0.02 1.00 1.82 0.22 4.73 229

MSSMþ 3 × ð5; 5̄Þ BP-3 (374,655) 0.06 6.10 12.7 2.04 34.1 697

SUð6Þ GUT ORIGIN OF THE TEV-SCALE … PHYSICAL REVIEW D 94, 036006 (2016)

036006-7



CMS places the strongest ∼1.3 pb bound on a 750 GeV gg
resonance at 13 TeV [27]. Evidently, our BPs survive the
dijet bounds arising from the 13 TeV ATLAS analysis.
Finally, in the case of a supersymmetrized model, we

can additionally resolve the narrow-width problem by a
possible decay of S into a pair of lightest supersymmetric
particles (LSPs) with large width. However, an invisible
width sufficiently large to bring our Table III BPs into
compatibility with this interpretation is in slight tension
with the monojet bounds [21,28]. Such a conflict can easily
be avoided by promoting a candidate invisible final
state into the “semi-invisible” regime, e.g. by decaying S
into a pair of next-to-LSPs (NLSPs), and thereafter
allowing the NLSP to decay into the LSP and a relatively
soft lepton. This scenario may be realized efficiently via
off-shell Z�=~l� decays associated with a kinematically
narrow (10–20 GeV) mass gap between the NLSP and LSP.
Alternatively, the soft leptons can also be due to a slepton in
between the NLSP and LSP. We refer the reader to Ref. [21]
for additional details.

V. CONCLUSION

Vectorlike quarks and leptons with masses around the
TeV scale are potentially beneficial for explaining the
resonant diphoton excess observed by CMS and ATLAS.
However, this explanation triggers many additional ques-
tions, such as whether the new scale is associated with any
new symmetry, whether the new vectorlike fermions and
the SM fermions belong to anomaly-free representations of
any GUT group, and whether the scalar particle responsible
for the 750 GeV resonance can be economically associated
with the new scale and the new symmetry multiplets
housing the vectorlike fermions.
In this paper, we made attempts to answer all of these

questions in the context of an SUð6Þ GUT model. The
vectorlike fermions, along with the SM fermions, appear in
the smallest anomaly-free 15þ 6̄þ 6̄0 representations of
SUð6Þ, where SUð6Þ breaks down to the SM ×Uð1ÞX at
the GUT scale. Masses for the vectorlike fermions are
generated at the TeV scale where Uð1ÞX is broken by a
VEV of the SM singlet field arising from 6̄H and 21. This
singlet in the 6̄H field is also responsible in turn for the
observed resonance. The dark matter arises from the SM
singlet fermion residing in 6̄s, and is of Majorana type. The
SM fermions acquire masses at the electroweak scale.
We additionally demonstrated that a suitable gauge

coupling unification is possible in this model, and dis-
cussed the Yukawa couplings associated with the vectorlike
fields in this model. We also discussed the origin of
neutrino masses. The diphoton final states arise due to
the three generations of down-type vectorlike quarks and
lepton doublets, whereML=MD is fixed by a fixed point of
the RGEs. We used both 8 and 13 TeV diphoton excess
results from ATLAS and from CMS to calculate the masses

and couplings associated with the new fields. In addition to
the diphoton final states, we also expectWW,WZ, ZZ, and
dijet final states. We have carefully studied the final states
associated with this model’s SUð6Þ context, arriving at
unique predictions that can be used to distinguish it at
the LHC.
The 750 GeV diphoton excess has similarly been studied

in the context of Uð1Þ0 models by several groups,
e.g. [29–34], but identification of the unifying SUð6Þ
GUT and the associated particle content render this effort
and its predictions different from other works. In the
present case, we have considered a nonsupersymmetric
Uð1ÞX model with fermionic vectorlike particles. In con-
trast with the supersymmetric Uð1ÞX models, this con-
struction does not suffer from dimension-5 proton decay
via exchanges of scalar color triplets. Also, vectorlike
masses are forbidden here by the Uð1ÞX gauge symmetry,
and are generated dynamically only after Uð1ÞX gauge
symmetry breaking. In Ref. [29], the supersymmetric
Uð1ÞN model has been studied. To avoid the dimension-
5 proton decay problem, the authors imposed a symmetry
such as Zqq

2 or Zlq
2 , which could become subtle if one

generation forms a complete fundamental representation of
E6. Also, the doublets from vectorlike particles are inter-
preted there as inert. In Ref. [30], vectorlike particle masses
are not forbidden by the Uð1ÞX gauge symmetry, and the
model does not have an E6=SUð6Þ embedding. Similarly,
in Ref. [31], an additional Uð1ÞB has been considered
without any unifying GUT symmetry. In Ref. [32], a
supersymmetric Uð1Þ0 model has been considered, which
again cannot be embedded into E6. Reference [33] deals
with a leptophobic Uð1ÞX in the context of E6. Finally,
Ref. [34] analyzed and developed phenomenological tools
by comparing all the Uð1Þ extension models proposed in
the context of diphoton excess.
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APPENDIX A: SUð3ÞC × SUð2ÞL × Uð1ÞY × Uð1ÞX
MODEL OF SUð6Þ FROM E6 EMBEDDING

E6 has a subgroup SUð6Þ × SUð2Þ, and the fundamental
representation of E6 decomposes as

27 → ð6̄; 2Þ ⊕ ð15; 1Þ: ðA1Þ
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Thus, our SUð3ÞC × SUð2ÞL × Uð1ÞY ×Uð1ÞX model
from SUð6Þ can be embedded into E6. We consider
SUð6Þ → SUð5Þ ×Uð1ÞX. And the generator of Uð1ÞX is
TUð1ÞX ¼ 1

2
ffiffiffiffi
15

p diagð1; 1; 1; 1; 1; − 5Þ. Thus, we obtain

15 → ð10; 2Þ ⊕ ð5;−4Þ; ðA2Þ

6̄ →ð5;−1Þ ⊕ ð1; 5Þ; ðA3Þ

where the above Uð1ÞX quantum numbers are 2
ffiffiffiffiffi
15

p
QX.

In other words, the correct Uð1ÞX charges are the above
Uð1ÞX charges divided by 2

ffiffiffiffiffi
15

p
.

The E6 gauge group can be broken as follows [35,36].
E6 → SOð10Þ ×Uð1Þψ → SUð5Þ ×Uð1Þχ ×Uð1Þψ . The
Uð1Þψ and Uð1Þχ charges for the E6 fundamental 27
representation are given in Table IV. TheUð1Þ0 is one linear
combination of the Uð1Þχ and Uð1Þψ , Q0 ¼ cos θQχþ
sin θQψ . For simplicity, we assume that the other Uð1Þ
gauge symmetry from the orthogonal linear combination
of the Uð1Þχ and Uð1Þψ is absent or broken at a high scale.
For the fundamental representation 27 decomposition, see
Table IV.
To realize the Uð1ÞX gauge symmetry of SUð6Þ, we

require that two singlets in Table IV have the same Uð1Þ0
charges. Thus, we obtain cos θ ¼ −

ffiffi
3
8

q
. We present the

Uð1Þ0 charges in Table IV, and the Uð1Þ0 charges are indeed
the same as ourUð1ÞX charges. Such kinds ofUð1Þ0 models
have been studied before [37–43]. In particular, the Uð1Þ0
gauge symmetry in Ref. [39] is the same as ourUð1ÞX gauge
symmetry from SUð6Þ, up to the overall sign difference for
the charges. However, in Ref. [39], the authors did not embed
the Uð1Þ0 model into an E6 model explicitly, and the gauge
symmetry breaking E6 → SUð3ÞC × SUð2ÞL ×Uð1ÞY ×
Uð1Þ0 may be nontrivial.

APPENDIX B: RENORMALIZATION GROUP
EVOLUTION

The relevant structure of the SUð3ÞC × SUð2ÞL ×
Uð1ÞY ×Uð1ÞX nonsupersymmetric renormalization group
evolution is subsequently recapped. We work to the second

loop in the gauge couplings αi ≡ g2i =4π (i≡ Y; 2; 3; X),
and to the first loop for the Yukawa couplings ϰf ≡
jλfj2=4π (f ≡ t; b; τ), truncating consideration to the
third generation. Derivatives are taken with respect to
t ¼ lnðμ=μ0Þ, the logarithm of the renormalization scale.

dαi
dt

¼ biα2i
2π

þ α2i
8π2

"X3
j¼1

Bijαj −
X
~f¼t;b;τ

Ci ~fϰ ~f

#
ðB1Þ

dϰf
dt

����
½t;b;τ�

¼ ϰf
2π

" X
~f¼t;b;τ

Yf ~fϰ ~f −
X3
j¼1

Dfjαj

#
: ðB2Þ

The β-coefficients associated with the standard model field
content, including a single Higgs doublet, are shown
following. We include the fourth (X) index in the tabulation
of the gauge sector coefficients (bi and Bij), consistent
with the assignment of quantum numbers described in
Appendix A. Although the Uð1ÞX symmetry is actually
hypothesized to be broken around the TeV scale, we
continue the running of αX down to MZ for simplicity
(with negligible effect due to the weakness of that coupling
in this regime), as in Fig. 1. We neglect coupling to αX in
the Yukawa sector.

b ¼

0
BBBBB@

41
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19
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−7
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90

1
CCCCCA B ¼

0
BBBBB@
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CCCCCA ðB3Þ
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1
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0
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1
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2

1
CA D¼

0
B@

17
20

9
4

8

1
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9
4

8

9
4

9
4

0

1
CA:

ðB4Þ
Low-energy boundary values of the SM gauge couplings
are defined in the usual manner,

αY ¼ 5αemðMZÞ
3ð1 − sin2θWÞ

α2 ¼
αemðMZÞ
sin2θW

α3 ≡ αsðMZÞ;

ðB5Þ
using the following precision electroweak inputs:

αemðMZÞ ¼
1

127.94
αsðMZÞ ¼ :1185

sin2θMS
W ðMZÞ ¼ :23126 MZ ¼ 91.1876 ½GeV�: ðB6Þ

The coupling αX, which has no corresponding electroweak
value, is instead constrained to unify at the high scale
boundary and subsequently run down. The low-energy
boundary values of the top and bottom quark Yukawa
couplings are expressed in terms of the experimentally

TABLE IV. Decomposition of the E6 fundamental 27 repre-
sentation under SOð10Þ and SUð5Þ, and the Uð1Þχ , Uð1Þψ , and
Uð1Þ0 charges.
SOð10Þ SUð5Þ 2

ffiffiffiffiffi
10

p
Qχ 2

ffiffiffi
6

p
Qψ 2

ffiffiffiffiffi
15

p
Q0

16
10 −1 1 2
5̄ 3 1 −1
1 −5 1 5

10
5 2 −2 −4
5̄ −2 −2 −1

1 1 0 4 5
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measured Fermi coupling GF ¼ 1.16638×10−5 ½GeV−2�≡
f2 ffiffiffi

2
p ðv2uþv2dÞg−1, the ratio tan β≡ ðvu=vdÞ of the up- and

downlike Higgs VEVs, and the relevant pole masses. For
concreteness, we take tan β ¼ 10.

mt ≡ λtvu ¼ 173.3 ½GeV� mb ≡ λbvd ¼ 4.18 ½GeV�
mτ ≡ λτvd ¼ 1.777 ½GeV� ðB7Þ

ϰt ¼
m2

t GF

π
ffiffiffi
2

p
�
1þ 1

tan2β

�
ϰb;τ ¼

m2
b;τGF

π
ffiffiffi
2

p ð1þ tan2βÞ:

ðB8Þ

Threshold modifications to renormalization of the gauge
sector in the first and second loop attributable to field
content beyond the standard model are as follows, where
indices I, II respectively denote the field content active
around the TeV scale, and above the intermediate
(∼1010 GeV) scale, as described in Sec. III:

δbI ¼

0
BBBBB@
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1
CCCCCA δBI ¼
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CCCCCA ðB9Þ

δbII ¼

0
BBB@

0

8
3

2

0

1
CCCA δBII ¼

0
BBB@

0 0 0 0

0 176
3

0 0

0 0 84 0

0 0 0 0

1
CCCA: ðB10Þ

Additionally, we consider running under the renormal-
ization group of the Yukawa couplings ðλL; λDÞ between
the lepton-doubletlike and down-quarklike components of

the vectorlike 3 × ð5; 5̄Þ and the SM singlet 6̄0H. We define
ϰi ≡ λ2i =4π, with i ¼ ð1…6Þ, where indices ð1…3Þ refer-
ence the λL and indices ð4…6Þ reference the λD. The
associated renormalization group equations and β-function
matrices are as follows:

dϰi
dt

¼ ϰi
2π

�X6
j¼1

Yijϰj −
X3
j¼1

Dijαj

	
ðB11Þ
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:

ðB12Þ

A strong quasifixed point attraction in the infrared is
observed for the λs. This behavior is analogous to that
observed by Pendleton and Ross [44] for the top quark
Yukawa coupling, wherein attraction toward an approx-
imately universal value is observed at low energy when
starting from a sufficiently large coupling at the GUT-scale
boundary. This effect is attributable to shepherding by the
strong coupling αs, enforced via cancellation between
the gauge and Yukawa contributions to the right-hand side
of Eq. (B11). There is no universal behavior for weak
coupling at the GUT scale, which generically also results in
weaker coupling at low energy. Specifically, the described
attraction favors coupling values in the vicinity of λL ¼ 0.4
and λD ¼ 0.7 at the scale of the diphoton resonance.
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